Abstract-In this paper, we introduce a novel control scheme based on the social force model for robots navigating in human environments. Social proxemics potential field is constructed based on the theory of proxemics and used to generate social interaction force for design of robot motion control. A combined kinematic/dynamic control is proposed to make the robot follow the target social force model, in the presence of kinematic velocity constraints. Under the proposed framework, given a specific social convention, robot is able to generate and modify its path smoothly without violating the proxemics constraints. The validity of the proposed method is verified through experimental studies using the V-rep platform.
I. INTRODUCTION
Motion planning and control is a field of mobile robotics which has been extensively studied in the past years. There are many works which demonstrate that robots are able to move and operate in challenging human environments [1] . Among these works, safety and reliability are principal factors to be taken into consideration for successful applications. In [2] , safety issues of deployment of a social robot in human environments is studied in detail with respect to various relevant aspects. In [3] , humans are modeled as moving obstacles, while [4] proposes a robot navigation method which achieves collision-free robot motion in the presence of moving obstacles. Similarly, there are other works where obstacle avoidance algorithms are developed and dynamic obstacles (humans) are handled in a reactive manner [5] . In [6] , a trajectory planning algorithm for a robot operating in dynamic human environments is proposed where a minimal cost trajectory is obtained based on a defined potential field.
While all of these existing methods may be adopted for safe and effective obstacle avoidance of mobile robots, very few of them explicitly take social conventions and rules into account [7] . In general, a robot's ability to adapt its role and behaviors according to social rules and expectation may be a determinant to the success of many applications. In this sense, the generated trajectories are often suboptimal with respect to expectations of humans due to awkward and unexpected evasive movements [8] . Even if a robust obstacle avoidance behavior of the robot can be guaranteed, if the robot fails to signaling social cues which allow humans to feel safe, the comfort of the latter will be greatly affected. In human-to-robot interactions, a contributing factor to human acceptance of other coexistent agents is how well the robots obey comfortable human-robot spatial relationships [9] . It suggests that humans might perceive a robot as annoying or threatening if it does not show an appropriate distancing behavior [10] . In addition, in [11] , it is found that the speed constraints of the mobile robot should also be addressed when investigating the proxemics behavior. It has been shown that humans tend to accepting a robot moving at a slower speed compared to a human's walking speed [9] .
Considering the social norm and proxemics constraints, in this paper, we use the social force model introduced in [12] to describe the interactions between robot and human. The social force model is a computational model which describes the interactions between humans by using the concept of social fields or forces. When a target social force model is obtained, the following is to make the robot follow the target social force model. There is much research effort in making a robot track a desired trajectory, including: 1) kinematic control [13] , which relies on the assumption that the desired velocities can be quickly established and completely ignores the robot dynamics and the influence of imperfect velocity tracking; 2) a full dynamic model-based control [14] , which relies on the assumption that the robot dynamic model is completely known and ignores the uncertainties in the mass, friction and inertia of the robot; and 3) nonlinear adaptive control, which considers the fact that the robot dynamics are nonlinear and include system parameters which are usually uncertain or even unknown. Compared to pure kinematic control and dynamic model-based control, in this paper, we develop a combined adaptive kinematic/dyanmic control to handle the dynamic model uncertainties while incorporating the kinematic velocity constraints.
Based on the above discussions, a framework of robot motion control is proposed based on social force model and proxemics theory. A combined adaptive kinematic/dynamic control which considers the control velocity constraints is proposed such that the robot dynamics will be governed by a target social force model. Under the framework, using Lyapnov theory, we show that the mobile robot is able to track the social force model which can be further used to modulate the proxemics spatial relationship between the robot and human.
II. SYSTEM DESCRIPTION
In this paper, we investigate a typical scenario where a wheeled mobile robot navigates in a human environment as shown in Fig. 1 . The mobile robot has two driving wheels mounted along the same axis and a front free wheel. The position of the robot is defined by the vector p = [x y θ ] T , where x and y are the coordinates of the center of mass of the robot, and θ is the orientation of the robot. The kinematic model of the mobile robot in terms of its linear velocity v and angular velocity ω iṡ
which can be further represented aṡ
where z = [v ω] T represents the internal state and
The mobile robot's dynamics and nonholonomic constraint are described by
where M(p) ∈ R 3×3 is a symmetric bounded positive definite inertia matrix, C(p,ṗ) ∈ R 3 denotes the centripetal and Coriolis force, G(p) ∈ R 3 is the gravitational force, B(p) ∈ R 3×2 is the known input transformation matrix, F(ṗ) ∈ R 3 denotes the generalized friction, u(t) is the system input, J(p) ∈ R 1×3 is the kinematic constraint matrix and λ is the Lagrangian multiplier corresponding to the nonholonomic constraint. Property 1: [15] There exist some finite positive constants
For the mobile robot described in Fig. 1 , we have the nonholonomic constraint matrix as:
From the nonholonomic kinematic constraint, we can easily derive two equations J(p)ṗ = 0 and J(p)H(p) = 0. Substituting the expression forṗ andp into (4) and premultiplying by H T (p) , we have
where
is the centripetal and Coriolis matrix,
is the new system input and
. In order to fully actuate the nonholonomic system, we assume that the matrix product H T (p)B(p) is of full rank. The system (6) describes the original nonholonomic system (5) with a new set of coordinate and the following properties of original system (5) still hold for the new system (6) [16] .
Property 2: The generalized inertia matrix M 1 (p) is symmetric and positive definite.
Property 3:
III. PRELIMINARIES AND DEFINITIONS

A. Social Proxemics and Social Force Model
The term "proxemics" was first proposed in [17] to describe the management of spatial distancing between humans where individuals maintain distances from others. According to [18] , the social spaces around a human can be classified into four specific zones where distances from the human body are listed below: 1) public zone: 3.6 m ≤ l 4 ; 2) social zone: 1.2 m ≤ l 3 < 3.6 m; 3) personal zone: 0.45 m ≤ l 2 < 1.2 m; and 4) 0 m ≤ l 1 < 0.45 m.
In a social force model, a robot with mass of m changes its velocityξ as follows
where f a is the actual force. It can be decomposed into two main parts: robot's desired force f d and interaction force f i . Due to the nonholonomic constraint of the mobile robot, θ in p can be uniquely determined given a continuous smooth trajectory, so ξ = [x y] T is a reduced coordinate of p. Suppose a robot has a desired velocityξ d where ξ d is the desired trajectory, the robot's desired force can be described as
where δ is the relaxation parameter. Then, the social force model becomes
B. Social Proxemics Potential Field
In the following, two types of social proxemics potential fields are designed to generate the the interaction force f i . In the first one, the potential field is used to keep the robot out of a certain social zone as shown in Fig. 2(a) . The constructed potential field function in this case is designed as
where ξ p is the center of all social zones which is also the human's position, R r z is the radius of the circle of the social zone to be kept out of, and Q is a positive definite symmetric matrix which defines the circle shape. In the second one, the potential field is designed for the robot to enter a certain zone while being kept out of another inner zone as shown in Fig. 2(b) . The constructed potential field function for the second case is designed as
where R a z is the radius of social zone to be entered. After modeling of the social proxemics potential field, the interaction force f i can be generated by taking partial derivative of U sp over x and y.
IV. COMBINED ADAPTIVE KINEMATIC/DYNAMIC CONTROL
A. Control Framework
After modeling of the interaction force, the next step is to make the robot dynamics be governed by the social force model in Eq. (9) while considering the velocity constraints. The control objective is to design a control input to make the unknown robot dynamics behave like the desired social force model
where ξ r = [x r y r ] T is the virtual reference trajectory. In the following sections, combined adaptive kinematic/dynamic control with control velocity constraints will be developed to make ξ → ξ r as t → ∞, such that the robot dynamics will be governed by the social force model described in Eq. (12) . The proposed control framework is shown in Fig. 3 , which can be divided into two parts. In the first part, a social force model is used to modulate the human-aware motion while considering the social proxemics rules. Social proxemics potential field is used to generate the social force used in the social force model. In the second part, a combined adaptive kinematic/dynamic control is adopted for the model matching. 
B. Adaptive Kinematic Control with Control Velocity Constraints
System (1) is called the steering system of the robot. To deal with the trajectory tracking problem, similarly to [13] , [19] , a nonstationary reference pose model that is kinematically identical to the real robot model is employed. The reference trajectory ξ r can be obtained based on Eq. (12) . Using the nonholonomic constraint, the following reference pose model can be obtained:
x r = v r cosθ r ,ẏ r = v r sinθ r ,θ r = ω r (13) which can be further represented aṡ
where To address the issue of imperfect velocity tracking, in this paper, a control velocity z c = [v c ω c ] T is introduced which is subject to the constraints: −k j ≤ z c, j ≤ k j . where j = 1, 2 and k j is the known limit of the velocity. An inner-loop controller will be designed to make the actual velocity z converge to z c with a bounded tracking error z − z c . This will be elaborated in the next subsection.
Considering the presence of control velocity constraints, the following soft saturation is used
To analyze the velocity constraints during the control design, the following auxiliary system is designed:
where † denotes the pseudo inverse, ∆z
χ is a small positive parameter to be designed and η ∈ R 3 is the state of the auxiliary system. Considering a Lyapunov function candidate
we havė
Thus, the nominal control input z 0 can be designed such that
Theorem 1: Considering the steering system (1) and the virtual reference system (13) , with the auxiliary analysis system (19), control law (22) and proper control parameters L 2 and L 3 , the signal e, η are bounded. In addition, the tracking error e will gradually converge to zero.
Proof: See Appendix VII-A.
C. Adaptive Dynamic Control
Using the kinematic control in Sec. IV-B, the control velocity z c which makes the robot track a desired trajectory can be determined. In the following, an adaptive dynamic control will be proposed such that z → z c as t → ∞.
Denote the error variable e z = z − z c , the following Lyapunov function candidate is selected:
where j = 1, ..., 4,ψ j =ψ j − ψ j ,ψ j is the estimate of ψ j in Property 3 and b j is a positive constant. The time-derivative of V e z is given bẏ
Considering the definition of ψ i in Property 1, we have
We propose the adaptive dynamic control as
where K = K T > 0, a j and σ j are time-varying positive functions which satisfy lim t→∞ σ j = 0 and lim t→∞ a j = 0, respectively. Theorem 2: Considering the mobile robot dynamics (6), control and parameter adaptation law (27), the velocity track error e z asymptotically converges to zero, i.e., lim t→∞ e z = 0 with all the signals in the closed-loop bounded.
Proof: See Appendix VII-B.
V. EXPERIMENTAL STUDIES
In this section, we verify the validity of the proposed adaptive control through experimental studies. A lumibot with two wheels moves around a human and the human may be static or also walk around [20] , as shown in Fig.  4 . This experiment is implemented with the Virtual Robot Experimentation Platform (V-Rep) which is an open-source robot simulation platform [21] . In the first part of the studies, the effectiveness of the combined adaptive kinematic/dynamic control is verified. The robot is supposed to track a predefined desired trajectory. The kinematic control velocity constraints are selected as ∥ ω ∥≤ 0.3 rad/s and ∥ v ∥≤ 0.35 m/s. The reference trajectory is given as: x r (t) = 0.1t, y r (t) = sin(x r (t)). The robot's initial posture is set as [−0.5 0.5
01 and a j = σ j = e −0.01t where j = 1, ..., 4 and I n×n is the n-by-n identity matrix.
The experimental results are shown in Figs. 5, 6 and 7, From Figs. 5 and 6, it is found that the actual trajectory under the proposed method can accurately track the desired one and the defined errors are quite small. The velocity constraints applied on the control velocity can be reflected from Fig. 7 which indicates that the control velocity never transgresses the constraints during the whole process.
In the second part, we will investigate the effectiveness of the social force model in human environments. The parameters in the social force model are selected as M = 0.5, δ = 0.01 and the parameter in the social proxemics potential field, α, is selected as 0, 0.5, 1 and 2 for comparison. When α = 0, it means that the robot will no longer be influenced by human and thus the robot's actual trajectory will track the desired trajectory.
In case 1, as shown in Fig. 8 , the robot is navigating in a human environment where the human is static. It can be observed that although the desired trajectory of the robot invades the personal zone, under the proposed control, the proxemics constraints are not violated. As the social norms are not strict and vary with age, culture, type of relationship and context, they can be reflected by adjusting the parameter α. From Fig. 8 , we can find that the robot trajectory deviates more from the desired trajectory if a larger α is selected. In case 2, as shown in Fig. 9 , the robot is navigating and engaging in a close social interaction with human. In this case, the robot enters the personal zone while being kept out of the intimate zone. In case 3, the robot is following a human. The desired trajectory of the robot will be the trajectory of the human. In this case, the robot will follow the human to enter the personal zone while not intruding the intimate zone. The experimental results are shown in Fig.  10 . From the experimental results, it can be observed that the proposed adaptive control based on social force model can effectively address the problem of human-aware motion control. 
, 2λ min (L 2 − 0.5σ )). To ensure that ρ is positive, the parameters L 1 , L 2 , L 3 and σ can be selected to satisfy the following conditions
Ineq. (28) indicates that V 1 (t) ≤ V 1 (0)e −ρt , then it is easy to derive that V 1 (t) and all the close-loop signals are bounded and e → 0 as t → ∞ [22] .
B. Proof of Theorem 2
By differentiating V 2 in Eq. (24), we obtaiṅ 
Substituting the control and updating law (27) into Eqs. (24) and (25), and using the inequality in Eq. (26), we havė 
As lim t→∞ ε = 0 and V 2 (0) are bounded, V 2 (t) and ∫ t 0 e T z Ke z dt are bounded, which results in e z ∈ L n 2 . According to Barbalet's Lemma [23] , e z ∈ L n 2 andė z ∈ L n ∞ lead to e z → 0.
